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Abstract 
Single crystal nickel-base superalloys have been used extensively in gas turbine 
engines, such as blades and vanes, due to a combination of high-temperature strength, 
ductility and creep resistance. Even though modern gas turbines are extremely reliable, 
it is unavoidable to see wear and some types of damage, in particular under severe 
thermal and corrosive conditions. Replacement costs of gas turbine engine 
components are so high that it makes the repair of damaged components extremely 
desirable. However, experimental understanding is considered to be time and cost 
consuming. It follows that developing simulation methods is of necessity to aid in 
repairing and/or reshaping damaged gas turbine engines. In this project, models have 
been developed for the repair of commercial single crystal superalloys, i.e. CMSX-4, 
the main concern is put on the simulation process of heat and mass transfer, so that 
the relationship of laser, powder injection and substrate has been studied and 
predicted; moreover, the processing parameters and the correlation between 
solidification conditions and microstructure have been established using a columnar to 
epitaxial transition model so that it can be optimized for the operating conditions to 
generate epitaxial growth onto the single crystal substrate; these are potentially useful 
for further experimental validation. Additional objectives of the research were to 
characterize the effect of the processing parameters on (1) the thermal behaviors, (2) 
the mass transfer process, and (3) the complicated interaction between them. 
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Chapter 1 Introduction 
1.1 The Gas turbine engine 
Gas turbines are specifically designed to convert chemical energy to mechanical 
energy, of which a number of applications have been found such as in aeroengine and 
power generation industry. The modern gas turbine engine is essentially made up of 
three main sections: the compressor, the combustion chamber and the turbine, see in 
Figure 1. The compressor is used to drive air into the combustion chamber of the 
engine where the temperature can reach up to 700 ºC after the air is mechanically 
compressed. Following this, the air is mixed with fuel and burnt in the combustion 
chamber at temperature of >2000 ºC [1]. 
 
Figure 1 – A cross-sectional view of RB199 Rolls-Royce Jet engine, which powers the 
Tornado. The location of the compressors, the combustion system and the turbines is 
shown.  
The heat produced by the internal combustion expands the air and spins the turbine, 
which extracts the power to drive the rotating turbine blades in the hottest section of 
engine to turn the turbine discs and hence the shaft in order to produce thrust. And for 
large commercial aircraft, e.g. Boeing 777, the latest generation of turbine engines 
(RR Trent 800, GE 90) have to provide thrusts of more than 100 000lb leading to the 
operating temperatures of up to 800◦C; under these severe working conditions, a 
number of factors need to be considered for the material selection, including 
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mechanical strength, resistance to creep, fatigue, oxidation and corrosion, in order to 
maintain the service life of the turbine engine. Nowadays nickel-based superalloys are 
extensively used in hot section components of the aeroengine, due to their unique 
properties and excellent performance under elevated temperature.  However, the 
requirements for these components are very different and therefore different chemical 
compositions and processing routes are required. For instance, as the turbine blades, 
as shown in Figure 2, are located in the hottest part of the engine, and can rotate at 
speeds of up to 15000 rpm, they need to be creep resistant. This has been achieved by 
the advances in single crystal technology, where a blade can be grown with no grain 
boundaries [2]. This is accomplished by the use of a grain selector at the base of the 
casting mound of the blade. Discs, on the other hand, need to be resistant to high 
temperature fatigue, requiring a fine grain structure; these alloys are, therefore, 
processed via a wrought route [3].  Nevertheless, superalloy technology has become 
more advanced over the last 20 years, but the efforts to explore and develop new 
generation of superalloy and processes will never stop, as demand for materials to 
make aeroengines more efficient has always increased.  
 
 
Figure 2 – Blade used in modern turbine engines using single crystal technology. 
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1.2 Nickel-based Superalloys                                                               
1.2.1 Alloy development 
 
Nickel-based superalloys have been extensively used in various industrial applications 
since the beginning of the 1920s. Their emergence can be dated back to the 
development of austenitic stainless steel for high temperature usage [3]. In 1929, the 
development of a structural strengthening mechanism was mentioned based on 
aluminium and titanium for the first time. The understanding of the precise 
mechanism responsible for this strengthening due to precipitation hardening was 
confirmed by Beford and Pilling; thus a new alloy with considerable improvement of 
creep strength was developed; this is considered to be the beginning of nickel-based 
superalloys, which experienced a rapid development over the next few years due to 
the great amount of need from industrial gas turbines [4]. In 1957, Westbrook 
discovered the highly unusual property of the coherent phase γ' with increasing 
temperature (under 700°C). Further developments were mainly focused on increasing 
volume fraction of the γ’ phase by adding γ' forming elements, for example Al, Ti and 
Ta contents together with other strengthening elements. Later, some refractory metal 
additions, such as Mo, W and Re were also used in superalloys to provide additional 
strengthening through solid-solution and carbide formation. B and Ca were added to 
form carbides and borides for grain-boundary strengthening. A breakthrough occurred 
in the mid-1970s, when single crystal technology appeared by removing grain 
boundary strengtheners (Br, Zr, C and Hf), instead, Re and Ru gradually take a greater 
role. This permitted a higher solution temperature and the development of heat 
treatments leading to increased contents of γ’ (as high as 70%). This major chemical 
modification compared with polycrystalline materials led to the optimisation of the 
mechanical properties, especially creep resistance. In the meantime, the Fe content 
was progressively decreased. On the other hand, the processing techniques for 
superalloys also made great progress with the development of chemical 
composition[ 5 ], since modifications of the composition greatly influenced the 
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manufacturing processes and hence furthered the development of new production 
using new and innovative processing techniques. In the early days, superalloy parts 
were always made with the conventional cast and wrought routes, which were widely 
used for other alloy systems. Later, the investment casting technique was developed 
and gradually used to fabricate complicated parts of superalloys. In the 1950s, 
vacuum melting technology including vacuum induction melting (VIM) and vacuum 
arc remelting (VAR) became commercially available to manufacturers which was 
considered to be a great breakthrough for producing high strength superalloys since 
these techniques enable the elimination of detrimental elements and the addition of 
the reactive elements used for precipitation strengthening of alloys. Another major 
step was realized in the 1960s, when Versnyder and Guard, from Pratt and Whitney, 
developed a directional solidification casting method and demonstrated the possibility 
of casting complex designs consisting of a single grain.  However, the first 
single-crystal superalloys using this technique, MAR-M200 and MAR-M247, did not 
show significant improvement compared with columnar grains materials obtained 
using directional solidification. Almost at the same time as the beginning of 
directional solidification, for those superalloys used in a microstructure of 
polycrystalline form, e.g. turbine discs in aeroengines, oxide dispersion strengthening 
(ODS) was introduced in production, which led to a change in the processing route for 
some high performance superalloys, i.e. the conventional cast and wrought -route, to 
powder metallurgy. Therefore the development created between advanced casting 
techniques and new alloy design has led to tremendous improvements in terms of the 
performance of gas turbine blades and vanes. Nowadays, single crystal superalloys 
are extensively applied in high-temperature turbine engines owing to their excellent 
creep resistance and thermal fatigue resistant performance. However, in spite of the 
cost, directionally solidified (DS) and single crystal (SX) cast turbine blades and 
vanes are preferred to equiaxed components. Figure 3 gives a historical view of the 
advancements of alloys and process for turbine blades over the last 60 years. The data 
describe the highest temperature for each alloy at which rupture occurs in no less than 
1000h under a stress of 137 MPa; and obviously directional solidification of 
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single-crystal superalloys is preferred in this application in recent years. Another 
active direction in the processing of superalloys is in the coating techniques. In fact, 
the means to ensure coatings having proper and stable performance during service is a 
critical issue in the modern gas turbine field. Without the protection of these coatings, 
the components in the combustor and turbine sections would degrade very quickly 
due to the extreme operation conditions there. There are several coating techniques 
available for superalloys: diffusion coating overlay coating, thermal barrier coating 
[6]. 
 
Figure 3  – Evolution of the high-temperature performance of superalloys during the 
past 60 years since their emergence in the 1940s [3]. 
1.2.2 Chemical composition 
A wide range of nickel-based superalloys exist today containing up to 10 or more 
alloying elements. The chemical compositions used in the first generation and second 
generation are listed in Table 1 and Table 2 respectively. Obviously a number of 
elements are added to nickel and can play a different role, for example, γ' formers (Al, 
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Ti, Ta, Nb and V) impart strengthening via the Ni3(Al, Ti, Ta) phase which is regarded 
as γ', the solid solution strengthening elements (Re, W, Mo, Co, Cr, Ta) enhance creep 
resistance, and Al, Cr and Co improve resistance to oxidation and corrosion by 
forming a stable oxide layer [7]. The development of second generation alloys is 
characterized by increasing the W content and adding Re, i.e. refractory metal content, 
which are used to provide solution strengthening and decrease the diffusion rate of the 
other alloying elements. Among all the second generation nickel-based single crystal 
superalloys, CMSX-4 is considered to be one of the most successful and is widely 
used in aeroengines, for the hottest section, to provide high temperature performance, 
improved hot section stability and lower life cycle costs. The composition of CMSX-4 
can be found in Table 2. Its solidus and liquidus temperatures are 1386°C and 1455°C 
respectively. According to some previous industrial gas turbine airfoil application 
experience, CMSX-4 is mainly characterised by ultra-high strength, creep resistance 
at elevated temperature, improved hot corrosion resistance, good single crystal 
castability - similar to CMSX-2 and CMSX-3, as well as excellent phase stability.  
 
Table 1 - Chemical compositions (wt. %) of first generation Ni-based superalloys for 
single crystal blades.  
 
Table 2 - Chemical compositions (wt. %) of second generation Ni-based superalloys 
for single crystal blades. 
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1.2.3 Microstructure and properties 
The high temperature properties of Ni-based superalloys are closely related with the 
characteristics in their microstructures. The γ matrix of nickel-based superalloys, an 
austenite fcc phase, contains a high fraction of solid solution elements (mostly Co, Cr, 
Mo and W). The precipitate, γ' is a stable intermetallic compound formed by an 
ordering reaction from the γ matrix, which makes it coherent with the γ matrix. This 
coherence between the matrix and precipitate is generally believed to be responsible 
for their obvious strengthening effects in superalloys. The γ' phase possesses a L12 
structure, which is similar to the fcc matrix, but has Al or Ti substituting for the nickel 
atoms at the cube corners, see Figure 4. Its dramatic improvement of strength at 
elevated temperature is the most important reason for superalloys to maintain their 
strength under high temperature [8]. Even though it may not be possible to explain the 
properties of the nickel-based superalloys by just one mechanism, precipitate 
hardening (mainly by γ') plays an important role in terms of strengthening the 
nickel-based superalloys; moreover, the existence of the grains and the orientation of 
these grains, as well as the presence of the solid solution strengthening elements and 
other precipitates such as carbides and borides also have effects. In addition, other 
factors such as coherence with the γ matrix, antiphase boundary energy, volume 
fraction, size and distribution all have a role [3].  Since there is large number of 
alloying elements present in nickel-based superalloys, they are hardly 
thermodynamically stable. Therefore, in the long term, topologically close packed 
(TCP) phases can form; these phases tend to be both hard and brittle, and are 
generally undesirable as they promote crack initiation and growth. Cr and Mo as well 
as refractory elements such as Re can promote the formation of these phases [3,9]; 
PHACOMP [10] and Md electron [11] methods have been proven to have predictive 
capability to avoid TCP precipitation.  
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Figure 4 - Scanning electron micrograph of the γ/ γ' microstructure of the CMSX-4 
superalloy [3]. 
 
1.2.4 Summary 
 
The previous discussion in this study confirms that, since the 1920s when the age of 
nickel-based superalloys began, superalloy technology has made great progress, due 
to the increased demand of material to make the turbine engine more efficient; these 
are represented by the huge improvement of the physical and chemical factors which 
govern their performance. Blades and discs for turbine engines are two typical 
applications for nickel-based superalloys. In terms of turbine blades, the new 
generation single-crystal nickel-based superalloys have been designed to be more 
creep resistant with the addition of Re and Ru, as well as the development of more 
advanced processing routes, particularly vacuum melting, directional solidification 
and investment casting. On the other hand, turbine discs, in the form of 
polycrystalline superalloy, are always processed through a wrought route. 
Furthermore, it is more common for coating technologies to be adopted to protect the 
turbine sections from degradation under extreme operation conditions. Even though 
remarkable success of this class of the material has been achieved, it seems to be the 
case that the nickel-based superalloys are not fully mature, particularly the critical 
questions about the metallurgical factors, e.g. the effect of Ru in imparting 
performance. Thus, metallurgists still face significant challenges for the physical and 
chemical development of nickel-based superalloys.   
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1.3 Repair engineering 
In spite of the extreme reliability of modern gas turbines, wear and some other types 
of damage, such as blade tip erosion and thermal fatigue cracks to components, are 
unavoidable. In addition, it is extremely desirable to repair and reshape damaged 
components due to the expensive replacement costs of gas turbine engine components. 
As no grain boundary strengtheners are present in the single crystal superalloys, the 
repair and reshaping technique must ensure a single crystal microstructure of the 
deposited material. Several welding techniques [12], e.g. electron beam and pulsed 
laser beam welding, are traditionally used for repair applications. However, it has 
been found in the investigations of David et al. [13] that fusion welding processes are 
not necessarily appropriate for the repair of single crystal superalloys due to the 
proneness to stray grain formation. Following this, high intensity laser beams started 
to be used to fabricate three-dimensional near net shape components via metallic 
powder injection in 1979 by the United Technology Research Centre [14], followed 
by a number of further developments [15-24]. This technique was first introduced for 
the repair of gas turbine blade in the aeroengine industry in late 1990s, and it has been 
recently shown that single crystal deposition is possible by an Epitaxial Laser Metal 
Forming (E-LMF) technique [25], in which process a stream of powders is injected 
into a laser induced molten pool generating epitaxially a single crystal part onto the 
damaged component by careful processing control. Nowadays efforts are made by a 
number of researchers and organizations for the improvement of LMF, and it can be 
expected that there will be widespread use of this technique for the industrial repair 
engineering in the near future.       
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1.4 Project objectives 
Our current understanding is considered to be insufficient for the optimisation of 
processing control for the E-LMF process which includes a number of parameters 
which strongly influence the quality of the repaired part. For better understanding of 
the characteristics of the repaired products, the processing parameters need to be 
optimized. Experimental work is always considered as an effective way, but most of 
the time it is still cost consuming. Consequently, developing theoretical methods is of 
necessity to aid better understanding. Therefore the main objective of this project is to 
build up fundamental analytical models for the laser repair process of the extensively 
used single crystal superalloy CMSX-4. Firstly, some concern will be put on 
characterization of mass transfer, which involves absorption of powder particles, 
power attenuation as well as laser-powder interaction. In the meantime, the main 
emphasis will be to quantify the heat transfer so that a heat source model can be 
derived to accurately describe the temperature evolution, distribution within the 
substrate and ultimately the dimensions of melt pool. Then coupled with the 
microstructure modeling, the solidification conditions will be determined for the 
prediction of the generated material microstructure to see if a successful repair can be 
achieved; thus the processing parameters and the ultimate microstructure can be 
connected which is of great use for experimental validation and in return optimizing 
and developing the model. In addition, the influence of the processing parameters 
during the process will be demonstrated and discussed analytically so that the models 
proposed in this work should aid better understanding of laser repair processes and 
have the potential for optimising the process parameters. Ultimately following this 
work, a fundamental model should be able to predict layer geometries, thermal fields 
involved as well as the microstructure produced during the repair process.    
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Chapter 2 Background 
2.1 Laser processing  
2.1.1 Overview 
Laser metal forming (LMF), also known as direct metal deposition (DMD) or laser 
manufacturing process (LMP) or sometimes laser engineered net shaping (LENS), is a 
laser cladding-based technique which has been used extensively during the last 
decade for surface coating, rapid prototyping and innovative alloying in industrial 
manufacturing [26-28]. This method can be used to fabricate and restore 3D near net 
shape components via metal powder injection, see Figure 7. Some unique advantages 
are found for the components fabricated using this technique, such as a high precision, 
small heat affected zone, good surface quality, the generation of a dense 
microstructure which is free of pores, as well as significant time and cost savings [29]. 
This technique is being introduced for commercial manufacturing of superalloys due 
to its potential for repair and reshaping of locally damaged or worn parts in gas 
turbine components. Since these components, i.e. typically turbine blades and vanes, 
are exposed to the most severe mechanical and thermal loading, the single crystal 
microstructure of the repaired part must be maintained epitaxially during the process; 
this is Epitaxial Laser Metal Forming [30]. This method is potentially feasible due to 
the very localised laser heating resulting in large temperature gradients. On the one 
hand, this gives rise to high residual stresses and deformations; this may potentially 
influence the service behavior of the substrate; on the other hand, the thermal gradient 
needs to be steep enough for the avoidance of the columnar-to-equiaxed transition 
(CET) so that epitaxial single crystal repair can be achieved [31].  
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2.1.2 Repair process 
During the LMF process, a melt pool, induced by a laser beam with high intensity, is 
locally formed on the substrate and at the same time a stream of powder particles is 
injected into the laser-induced molten pool. After a certain interaction time, the 
molten pool solidifies and hence generates a deposit on the damaged component; 
subsequent layers are then built on top of the previous one leading to a 
three-dimensional build-up. As a thin layer of the substrate is sufficiently remelted, a 
well-bonded boundary is achieved. If the nucleation and growth of equiaxed grains is 
completely avoided by a precise control, there is an epitaxial growth for the repaired 
part onto the substrate in a columnar growth regime, i.e. a deposit is produced 
epitaxially onto a single crystal substrate, so that the damaged components can be 
repaired [32]; Figure 6 presents the 2D repair process considered in this study. E-LMF 
is essentially a very complicated fusion and solidification process due to the number 
of process variables: laser power, beam velocity, powder feeding rate, beam diameter 
and energy density distribution of laser beam, amount and sort of shielding and carrier 
gas, material properties, height increment per layer, as well as characteristics of 
powder particles (distribution of particle size and particle shape [33]. These produce a 
number of interactions between each other (laser beam, powder stream, the substrate 
and molten pool) and physical phenomena (laser-powder interaction, heat transfer, 
fusion, fluid flow and solidification). It follows that theoretical study and 
understanding of the relationship between the processing parameters and the ultimate 
geometric sizes of layers and the resulting material microstructure are key to 
achieving a high-quality repaired part with the desired microstructure, dimensional 
accuracy and to optimise the process in return [34,35]. 
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Figure 5 – Illustration of laser repair of blade tip. 
 
 
Figure 6 – Schematic illustration of 2D laser repair process considered in this study. 
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2.2 Process models 
2.2.1 Overview 
Given the great number of parameters present in the LMF process, a comprehensive 
experimental investigation is regarded as an inefficient method for improvement of 
processing control.  Therefore, modelling tools in many cases are the best way to 
obtain the necessary information on the laser treatment process. Since the 
solidification conditions within the melt pool mainly determine the nature of the 
solidified region, simulation of the interaction between laser beam and the substrate is 
useful to provide information concerning parameters such as the melt pool cooling 
rate, temperature gradient and growth rate. And a number of authors [36-38] make 
some contributions for the understanding of process control of laser processing in the 
liquid state through the evaluation and the impact of operating conditions on the pool 
shape, temperature, and fluid flow. For example, Hoadley and Rappaz presented a 2D 
steady state thermal analysis for the calculation of the molten pool shape and for the 
evaluation of the influence of processing parameters on the clad thickness [39]. Ollier 
et al. annalysed melt pool convection and angle dependence on power absorption, 
using 2D heat flux calculations [40]. Despite considerable development in the 
understanding of phenomena encountered during the process, it is still worth noting 
that in many instances complex numerical calculations are of little help for subsequent 
process optimization [41]. To further optimise modelling results, experimental work 
was carried out by various authors, including the influence of the operating conditions 
on the characteristics of the clad, process monitoring, metallurgical and 
microstructure analyses and characterization. In terms of the impact of the processing 
parameters on the clad characteristics, the following studies should be mentioned. 
Roósz [42] measured the interface velocity as a function of the size of the melt pool 
and studied how the structure of the resolidified region varies with beam velocity. El- 
Batahgy [43] analysed the way that welding parameters influence the fusion zone 
shape. Kim [44] modelled the melt pool obtained during laser cladding by a time 
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dependent Finite Element Method (FEM). In this study, molten pool shapes at 
different cladding stages were estimated and further assessed through experiments on 
laser deposition process with wire feeding. The influences of deposition time and 
deposition speed on molten pool shape were investigated. Moreover, a number of 
authors have examined process control through the development and study of 
methods for in-situ measurment and process monitoring. Shanwald [45] used an 
optical method for the mass feed rate measurement. Griffith [46] showed that the 
understanding of the temperature variation is key for producing dependable and 
repeatable deposits during the LMF process and demonstrated that it was possible for 
feedback control using these thermal analyses. Also there is some previous work 
dealing with microstructure analysis for process control. For instance, Lim [47] 
observed the microstructures of the clad layers as a function of the powder feed rate 
and the beam velocity. Mohanty [48] analysed the way that flow instability affects the 
ultimate microstructure during laser beam interaction. Further detailed background 
investigation regarding the models of the major physical phenomena encountered 
during the LMF process is presented in the following section.    
 
Figure 7 – 3D illustration of laser metal forming process. 
21 
 
2.2.2 Solidification and microstructure 
Liu et al [49] carried out interesting work on the fabricability of single crystal 
superalloys. Their results indicated that the processing parameters had a strong 
influence on the formation of equiaxed grains and the solidification cracks. Therefore 
the processing parameters should be derived quantitively for generating single crystal 
deposits which are free of equiaxed grains and cracks. Mokadem et al [50] mentioned 
that specific solidification conditions are necessary for the reshaping of gas turbine 
blades in order for the prevention of the generation of new grains in front of the 
epitaxial columnar dendrites. The conditions for nucleation and growth of equiaxed 
grains ahead of the onward solidification front have been solved analytically by Hunt 
et al [51] and Gaumann et al [52], according to whom, a parameter   is defined as a 
fraction of newly nucleated grains. It follows that critical conditions are estimated 
referring to fully equiaxed growth with the single crystal structure of the base body 
being entirely substituted and the fully columnar condition respectively. On the basis 
of this work, Gaumann et al [53] derived a standard for the CET (columnar to 
equiaxed transition), where   was plotted as a function of temperature gradient G 
and solidification velocity V. It was proven that a fully columnar epitaxial growth 
structure is achieved as long as the requirement of critical CET conditions is achieved; 
see the CET curve in Figure 8. However, since these analytical models neglect the 
effects on the growth morphology of the crystallographic orientation of the grains 
relating to the local heat-flow direction, the phenomenon of grain selection cannot be 
analysed using these models. Therefore some numerical models have been developed 
to predict grain growth and microstructure transitions, which allow the nucleation and 
growth of each grain to be simulated. And one of the most representative jobs was 
done by Rappaz and Gandin [54], who developed a new model with the cellular 
automaton (CA) technique. This model was further developed and coupled with finite 
element modeling (FEM) for the solution of the energy conservation equation, known 
as CAFE model. This allows a direct 2D macrograph of the grain structure to be made, 
which was used to simulate the CET. On the basis of experimental observations, 
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nucleation parameters were finely tuned to fit the position of the CET, with good 
agreement. Vandyoussefi and Greer [55] used the CAFE model to study grain 
refinement in the directional solidification of Al-Mg alloys. The CAFE model 
successfully simulated the formation of   equiaxed grain structures and confirmed 
the essential features of the Hunt model for the CET. Moreover, this work showed the 
influence of refiner addition levels, solidification velocity and thermal gradient on the 
grain size. 
 
 
 
Figure 8 – Microstructure selection map showing the region of columnar dendrites 
and the equiaxed dendrites as a function of solidification parameters [52]. 
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2.2.3 Power-Powder interaction 
In terms of mass transfer, the beam- powder interaction needs be considered in more 
detail because the powder particles can absorb the laser energy and preheat 
themselves and consequently go through a temperature rise [56]. Even though there 
may be the same initial temperature for the powder particles, different ultimate 
temperatures can be seen owing to their different paths to reach the molten pool, 
leading to a substantial influence on the temperature field within the melt pool [57]. 
However, in the early study, the powder particles were presumed to reach the surface 
of the molten pool with the same temperature[58]. In reality, when the laser beam 
goes through the powder stream, a part of the laser energy is lost due to the absorption 
by and reflection from powder particles, and hence its intensity and distribution can 
be changed. Furthermore, powder will be blown onto the melt pool that the laser 
creates at the surface of the part being repaired. A fraction of the powder particles will 
be ejected outside the molten pool, i.e. blown away by the gas flow during the laser 
metal forming process; depending on the processing parameter, a variable fraction of 
the blown powder will be dissolved into the molten pool, which makes a contribution 
to the deposition process. This fraction needs to be characterised so as to get the 
actual mass flow rate in the pool. Considering the previous work in the measurement 
and model of beam–powder relationship: Gremaud et al. [59] did a quantitative study 
for better understanding of the laser deposition process and found that the powder 
efficiency appeared to be regulated for geometrical reasons by the process, leading to 
stable plate buildup. Picasso et al developed a 2D model for LMF [60], indicating that 
the powder particles affect laser power density by absorbing laser energy while 
traversing the laser beam. Weerasinghe et al. [61] proposed a finite difference model 
of laser cladding by powder injection taking into account the preheating of the powder 
by the laser beam. Lin et al [62] carried out a study on the numerical modelling for 
calculating the powder temperatures in a laser deposition process but the attenuation 
of laser power was not taken into account. Hu et al [63] quantitively investigated how 
the powder particles in the powder stream and the laser intensity influence each other 
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on the surface of substrate. Ludmila [64] and Ashish [65] made some effort to 
estimate the thermal field of a spherical particle irradiated by a laser beam by solving 
the heat conduction equation. Zhang et al [66] carried out some research with regard 
to the laser efficiency by optimsing the modeling results coupled with experimental 
validation and then developed a laser efficiency model. Pinkerton [67] and Li [68] 
established a model for simulating the powder-laser interaction and the subsequent 
attenuation by means of the Lambert–Beer law. Results show that the attenuation 
increases with the distance from the nozzle but the main limitation of the model is that 
the influence of the nozzle angle against the laser beam was not taken into account. 
2.2.4 Heat transfer and fluid flow  
Heat transfer must be studied in more detail to determine the thermal cycles 
experienced by the substrate and hence the solidification conditions. Therefore a heat 
source model must be adopted to give an appropriate description of the temperature 
distribution and evolution in the workpiece during the laser repair process. Initial 
models for heat flow during welding are analytical solutions or semi-empirical 
expressions. Rosenthal developed a solution for a moving point heat source travelling 
along a surface of a semi-infinite body [69]. This early study, neglecting the 
temperature dependence of properties, allowed the determination of the melt pool size 
through the calculation of the thermal field in reasonable agreement with experiments. 
Further developed by several authors [70，71], these analytical solutions were 
considered to be limited as mass and fluid flow was not taken into account, which, in 
some experimental results, were found to be related to the shape of weld pool. Then 
attempts and further improvements were made by taking into account the heat source 
motion effects on heat, mass and fluid flow for both two-dimensional and 
three-dimensional cases [72-75], which promotes the development of numerical 
methods for solving the mass, momentum and energy conservation equations in order 
to solve problems in fluid flow, phase changes and heat transfer. However, due to the 
presence of a number of variables, numerical calculation requires considerable 
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computation time. Moreover, the temperature dependent material properties have to 
be known, which, however, are not always readily available, making modeling results 
unreliable. Therefore, developing analytical methods coupled with experimental 
validation is more efficient for the optimisation of processing parameters. Fluid 
convection, also called Marangoni convection or thermocapillary convection, is 
actually a liquid flow pattern produced by the surface tension and this can lead to a 
strong influence on the size of the resulting melt pool [76]. As illustrated in Figure 9 
(right hand side), if the temperature coefficient of surface tension is positive, fluid 
flow is generated by inward-pointing shear stresses resulting from the surface-tension 
gradients along the pool surface. Thereby the fluid is produced along the surface from 
the edge where there are high temperature and the surface tension, to the centre where 
temperature and surface tension are low. And obviously it can be found that fluid flow 
can either give rise to a flatter melt pool with a negative temperature coefficient of 
surface tension, or can lead to a deeper melt pool in the contrary situation when the 
surface energy increases with temperature [77], as shown in Figure 9. Some efforts 
[78-81] have been made to understand the influence of fluid flow and its effect on 
weld pool, as it can have an adverse impact on the resulting microstructure in most of 
the solidification processes [82-85]. An interesting study carried out by Jean-Marie et 
al [86] shows that the development of fluid convection in the liquid flow can indeed 
change the thermal field within the substrate and ultimately the molten pool shape 
during the E-LMF process, but the influence is not as obvious as that of powder feed 
and heat flow, so the main concern will be on mass and heat transfer without 
including Marangoni convection for the purpose of simplicity in the study which 
follows. 
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Figure 9 – Schematic representation of Marangoni convection cells in a melt pool and 
of their influence on the geometry [77]. 
2.3 Overview of thesis 
In chapter 3, a simplified analytical model for the investigation of power-powder 
interaction is proposed. Some equations and related assumptions are given and 
discussed. Powder preheating temperature and power efficiency are presented on the 
basis of modeling results. A description of an analytical thermal model coupled with 
geometrical model during laser deposition process is provided in chapter 4. The 
temperature distribution and evaluation within the workpiece are presented and 
discussed for thermal analysis. The geometry of melt pool and deposition layer is 
predicted based on the results. The fraction of columnar and equiaxed grain is 
calculated using the CET model; the effect of the processing parameters is studied for 
the purpose of producing sufficient remelting and desired microstructure. Finally, 
Chapter 5 provides the general conclusions drawn from this work as well as some 
suggestions for future work. 
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Chapter 3 Powder-power interaction 
In this section, a simplified analytical model of power-powder interaction is proposed. 
The aim of developing this model is to compute the attenuation of laser power by a 
power stream on the basis of classic physical theories; in addition, powder preheating 
temperature arising from the absorbed energy can be calculated when the powder 
particles arrive at the surface of the melt pool by using heat equilibrium equation. The 
influence of relative processing parameters on power efficiency and temperature 
distribution is studied under given practical processing conditions. 
3.1 Analytical model of Powder-Power interaction 
Figure 10 gives a 2D schematic illustration of the interaction between laser beams and 
powder streams during the LMF process. The coaxial nozzle has a tilt angle θ 
against the horizontal surface so that different feeding angles can be given. In addition 
the head of the nozzle is at a vertical distance of lw from the workpiece. For the 
purpose of simplicity, some assumptions are made for the development of a model of 
the interaction between the laser beam and the powder stream: 
 
- The powder particles are considered to be spherical. 
- There is no heat loss by convection and radiation from powder particles in the 
stream owing to the short interaction time in the contact area. 
- The influence of gravity is neglected and the flow is regarded as a steady state 
with constant travelling speed for both powder stream and covering gas. 
- The power attenuation is dependent on the proportion of area of powder particles 
within the nozzle in a horizontal plane. 
- There is a uniform distribution for the particle concentration in the powder stream 
across the nozzle centerline. 
- The laser beam is neither convergent nor divergent in the interaction area with 
respect to the powder stream. 
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Figure 10 - Schematic illustration of the powder stream from a coaxial laser 
deposition nozzle. 
 
3.1.1 Gaussian distributed laser beam 
The incident laser intensity,  Iinc(x, y), has a Gaussian distribution which can be 
written as: 
                                                    𝐼𝑖𝑛𝑐(𝑥, 𝑦) =
𝑃
𝜋𝑟2
× 𝑒𝑥𝑝 [
−(𝑥2 + 𝑦2)
𝑟2
]                                                 (1) 
 
where Iinc(x, y) is the original laser intensity distribution, P is the original laser power 
and r is the radius of the laser beam. Figure 11 gives a 2 D calculation of the incident 
laser power intensity profile using a laser power of 500 W and spot diameter of 0.76 
mm without considering powder injection. 
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Figure 11 – A calculated profile of Gaussian distribution of laser beam on the surface 
of substrate, (a) three dimensional, (b) cross sectional. 
(a) 
(b) 
30 
 
3.1.2 The attenuation of laser power by the powder stream 
In order to understand how powder cloud impacts power efficiency, the attenuation of 
laser power needs to be investigated and a model has been established in which a 
coefficient of laser fully blocked by powder particles is introduced. Considering the 
powder grains prior to the injection out of the nozzle, moving at a speed covering with 
the inert gas, they can influence the laser intensity distribution in terms of powder 
density in the laser beam as more powder particles can block more laser beam. And in 
the calculation which follows, powder density in the laser beam is considered to be 
the same as that within the nozzle. Therefore the coefficient of laser fully blocked by 
powder particles can be significantly based upon the ratio of area of powder particles 
to nozzle in a vertical view, see in Figure 12. 
 
Figure 12 – Schematic illustration of a vertical view of the powder flow with the 
nozzle. 
 
Apart from that, the nozzle angle with regard to the substrate also plays an important 
role for the power efficiency. A larger nozzle angle can lead to a closer horizontal 
distance between powder particles in the laser beam, and hence more laser energy will 
be blocked by powder particles resulting in declined laser transfer efficiency and 
increased power absorption by powder particles. Therefore the coefficient of laser 
power blocked by powder particles can be obtained according to the following 
equations (2) – (6): 
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                                                                        𝑆𝑝 = 𝜋𝑟𝑝
2                                                                             (2) 
 
                                                           𝑛𝑝 =
𝑚
𝑚𝑝
=
?̇? × ∆𝑡
𝜌 ×
4𝜋𝑟𝑝3
3
                                                                     (3) 
 
                                                                         𝑆 = 𝑛𝑝 × 𝑆𝑝                                                                            (4)                         
 
                                                                   𝑆𝑛 = 2𝑟𝑛
𝐹
𝜋𝑟𝑛2
∆𝑡                                                                        (5) 
 
                                                     κ =
𝑆
𝑆𝑛
×
1
cos𝜃
=
3?̇?𝑟𝑛
8𝜌𝑟𝑝𝐹
×
1
cos𝜃
                                                         (6) 
 
Thus lower value of κ corresponds to higher power efficiency and more power 
energy absorbed by workpiece. 
 
And as soon as the coefficient is obtained, the attenuated laser intensity distribution 
can be calculated by equation (7) and the power absorbed by a powder particle can be 
readily predicted by integrating the absorbed laser power across the travelling path of 
the powder grain.   
 
                                                                            𝐼𝑡 = 𝐼𝑖𝑛𝑐 × (1 − 𝜅)                                                            (7) 
 
                                                              𝑃𝑎𝑏𝑠 = 𝜋𝑟𝑝
2 ×∫ 𝐼𝑖𝑛𝑐 × 𝜅𝑑𝑥   
𝑙𝑤 tan𝜃⁄
0
                                           (8) 
 
where Sn, Sp and S correspond to the area of the nozzle, a single powder particle, all 
the powder particles within the nozzle in a vertical view. And rp is the radius of a 
powder particle, rn is the nozzle radius, np is the total number of powder particles 
within the nozzle, ρ is density of powder particles, ?̇? is powder feed rate, F is gas  
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flow rate, 𝜃 is the nozzle tilt angle (powder feeding angle) with respect to the 
horizontal surface of the substrate and Pt is the transmitted power absorbed by the 
substarte. 
3.1.3 The temperature distributions of powder particles 
According to the heat equilibrium principle and the assumption 2 made previously, 
there is no heat loss due to the convection or radiation from powder particles because 
of the short interaction time in the contact area. All the heat absorbed from laser 
power by the powder particles can be used to preheat the powder particles. Therefore, 
the heat equilibrium equation can be written as: 
 
                                                𝑃𝑎𝑏𝑠 𝑝
  
 𝑝 s  𝜃
= 𝑚𝑝 𝑝∆                                                ( ) 
 
As a consequence, the powder preheating temperature is:  
 
                                                                𝑝 = 𝑃𝑎𝑏𝑠 ×
 𝑝×  
 𝑝𝑚𝑝 𝑝 s  𝜃
                                                       (10) 
 
where the term 
lw
vp sinθ
 = the travelling time for powder particles towards the surface 
of substrate in the contact area, Tp = the particle temperature on the surface of 
substrate, Pabs = the laser power absorbed by the powder stream, Cp = the specific heat 
of the particles, lw = the working distance of the nozzle, vp = the velocity of powder 
particles, mp = the mass of a powder grain and  𝑝 = the absorptivity of powder 
particle (value is assumed to be 0.5).   
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3.2 Results and discussion 
For the purpose of the investigation for the interaction between the laser beam and 
powder particles, the current model has been tested under various conditions. Table 3 
lists the processing parameters used in the calculation. The various parameters are 
mainly used to test the model and study the influence on power efficiency and 
subsequent powder preheating.  
 
Processing parameters  
Power (W) 500 
Spot size (mm) 0.76 
Scanning speed (mm/s) 10 
Feed rate (g/s) 0.5, 1, 1.5, 2, 2.5, 3 
Gas flow rate (L/s) 0.3, 0.5, 0.7, 0.9, 1.1 
Powder character  CMSX-4 
Powder size (µm) 15, 20, 25, 30, 35 
Nozzle diameter (mm) 2, 2.5, 3 
Working distance (mm) 7 
Nozzle angle (°) 30, 45, 60 
Table 3 – Processing parameters in the used in the example for the calculation of 
powder heating temperature.   
3.2.1 Attenuation of power energy 
As is indicated in the above assumptions, there is no power which is reflected by 
powder particles and hence the total power can be divided into two parts, i.e. 
transmitted laser to workpiece and absorbed laser by powder particles. Figure 13 
shows that the absorption of the incident power by the flowing powder particles is 
predicted to be around 6.5% by using the analytical model with the practical 
processing condition, see the red curve, whereas the rest (blue line) continues to 
transmit and ultimately interacts with substrate surface. This result is consistent with 
previous experimental understanding [26] with regard to the beam-powder interaction 
that a great part of the incident laser power (above 85%) is absorbed by the substrate. 
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Figure 13 - Laser power (500W) intensity variation before and after passing through 
powder flow with 0.1 L/s gas flow rate, 0.5 g/s powder feed rate, 0.76 laser beam 
diameter and 25μm powder particle size. The blue line represents incident laser 
intensity, the red line shows absorbed laser power intensity, and the green line 
corresponds to the remaining laser power density.    
3.2.2 Influence of relative parameters 
Figure 14 shows the laser intensity distribution for various nozzle angles by means of 
coaxial powder feeding. One can see that the distribution of the laser intensity at large 
nozzle angle is similar to a Gaussian distribution, but a reduced peak value of the laser 
intensity is found as the nozzle angles become smaller. In addition it can also be found 
that approximately 60% more laser power is absorbed by powder using a nozzle angle 
of 60° than 30°. This means that with increasing the angle between nozzle and 
substrate, more power is blocked by powder particles leading to decreased laser 
transfer efficiency. Figure 15 shows a variation of percentage of laser power absorbed 
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by powder particles as a function of powder feed angle, nozzle size and powder 
particle radius when the powder feed rate and gas flow rate is set at 0.5 g/s and 0.3 L/s 
respectively. Obviously one can see that laser efficiency increases with increasing size 
of powder particles; this occurs because density of powder cloud within the nozzle 
can reduce at a fixed powder feed rate with increased powder particle size; on the 
other hand, however, larger size of powder stream nozzle can have an adverse impact 
on the power efficiency since a wider nozzle means lower gas flow speed at a fixed 
gas flow rate and powder feed rate resulting in a higher relative powder density in the 
nozzle within a certain interaction time. It is also worth noting that there is high power 
absorption rate with small grain size and the rate decreases with the increase of 
powder particle size; this is because small particles more readily absorb laser energy 
due to larger contact surface with laser beam. The conclusion shows a good 
agreement with some previous practical study. Moreover, higher power absorption 
rate has been found using a larger size of nozzle; this is possibly attributed to the 
existence of more powder grains at a certain interaction time.  In Figure 16, one can 
see the variation of percentage of laser power blocked by powder particles as a 
function of powder feed rate, gas flow rate and powder particle feed angle (for 25 μm 
diameter grains and 2.5mm size nozzle). Obviously it can be seen that laser efficiency 
increases with decreasing powder feed rate and increasing gas flow rate; this occurs 
because a low powder feed rate and high gas flow rate can ensure a low powder cloud 
density within the nozzle and subsequently in the laser beam so that a smaller amount 
of power grains can interact with the beam. In particular, it has been found that the 
power absorption rate is significantly dependent upon gas flow rate. In other words, 
the rate increases when the gas flow rate declines; and this is more obvious at low gas 
flow rate, since in this case there is sufficient interaction time between laser and 
powder so that the laser energy attenuates faster. Additionally, in both cases the effect 
of powder feeding angle has been presented. Results plotted in Figure 15 and Figure 
16 indicate that there is no doubt that the feeding angle has a significant influence on 
the power efficiency and basically more laser energy will attenuate with the increase 
of nozzle angle as powder particles can become closer on the horizontal plane. On the 
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other hand, as it is known that a variable fraction of the powder blown is dissolved in 
the melt pool which contributes to the manufacturing process; however, when the 
feeding angle is so low to achieve a better power efficiency, more powder particles 
will be injected outside the molten pool during the deposition process, which is not 
desirable. Similarly, this constraint needs to be considered for the other parameters so 
as to balance the efficiency of power and injection of powder grains. Therefore, 
modeling methods can be a good and efficient way to optimise the process control and 
the model proposed above has the potential to achieve that as long as it is accurate 
enough. 
 
Figure 14 – Predicted intensity distribution of the absorbed laser energy by powder 
particles along the powder travelling path towards substrate surface as a function of 
radial distance from laser beam center with varying nozzle angles at a powder feed 
rate of 0.5g/s and gas flow rate of 0.3L/s. Different color corresponds to different 
nozzle angle between nozzle and substrate.  
37 
 
 
 
(a) 
(b) 
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Figure 15 - Effect of nozzle diameter (colored curve corresponds to different nozzle 
size) and powder particle size on laser efficiency using varying nozzle angle, (a) 30°, 
(b) 45°, (c) 60°, (d) 75°. 
(c) 
(d) 
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(a) 
(b) 
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Figure 16 - Effect of gas flow rate (colored curve corresponds to different gas flow 
rate) and powder feed rate on laser efficiency with varying nozzle angle, (a) 30°, (b) 
45°, (c) 60°, (d) 75°. 
(c) 
(d) 
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3.2.3 Case study - Powder preheating 
The powder heating temperature is important due to the significance of evaluating the 
nature of powder particles just before dissolving into the molten pool. Therefore it is 
of great necessity to analytically understand the way in which powder heats. The 
power absorbed by powder particles can be used to calculate powder temperature 
anywhere during the travelling path before arriving into the molten pool according to 
equation (10). A variation of powder size is used to study its influence on the heating 
temperature. By use of the model developed in this study, Figure 17 illustrates 
temperature distributions of powder particles at different sizes when arriving at the 
surface of workpiece with a feeding angle of 45°. Figure 18 and Figure 19 present 
powder preheating temperature on the surface of the substrate as a function of feeding 
rate and gas flow rate respectively (45° feeding angle and 25μm particle). It can be 
confirmed from these graphs that the maximum temperature values are between 620 
K to 1480 K and most powder particles do not melt when dissolved into the melt pool, 
particularly those of a large size; the smaller size of the particle, the higher the peak 
value of temperature that the powder can reach; but the faster the temperature reduces 
from the laser beam center to the edge; this is because small powder particles are 
more sensitive to the energy that they absorb. Moreover, the particle temperatures 
would rise remarkably with increasing powder feeding rate and decreasing gas flow 
rate; this is consistent with the results of their influence on the laser efficiency in the 
previous calculation. However, there are still some limitations of this model; for 
example, in practice there is always a higher temperature for the powder particles 
reaching the negative part of the x-axis than those at the positive part due to the 
different travelling distance of the particles in the laser beam, which has not been 
accounted for in the current model. In addition, there might be a slight movement for 
the peak values of the reduced laser intensity after the interactions with powder cloud 
particularly at high powder feeding rate. These limitations are not considered because 
of the weak influence and the model is good enough to account for all the physical 
phenomena in the process.       
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Figure 17 - Thermal distribution of powder particles when arriving at the substrate 
surface as a function of radial distance from beam centre with powder feed rate of 3 
g/s, gas flow rate of 0.3L/s and nozzle size of 2.5 mm, (a) 2D for with varying powder 
size, and (b) 3D for 25μm grain size. 
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Figure 18 – Temperature distribution of particles on the surface of the workpiece with 
0.3 L/s gas flow rate at different feeding rates: (a) 1g/s, (b) 1.5g/s, (c) 2g/s, (d), 2.5g/s. 
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Figure 19 – Powder temperatures on the surface of the workpiece with 3 g/s feeding 
rate at different gas flow rate: (a) 0.3 L/s, (b) 0.5 L/s, (c) 0.7 L/s and (d) 0.9 L/s. 
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3.3 Summary 
A model has been proposed to understand he complicated relationship between laser 
beam and powder stream during the LMF process. By means of the current model, the 
attenuation of the laser beam by a powder stream was estimated and the intensity 
distributions of the beam on the surface of the substrate both prior to and after the 
powder delivery was presented. Moreover, the thermal field of the powder particles, 
when reaching the surface of the substrate, was obtained on the basis of the heat 
equilibrium principle. In both cases, a sensitivity study was carried out for various 
processing parameters in order to test the model. The obtained results show that the 
laser efficiency is to some extent related to the powder feed rate, the feeding angle 
and gas flow rate; for example, more attenuation of power can be expected with the 
increase of power feed rate and feeding angle and a decrease of gas flow rate. Large 
average particle size is desirable for reducing power attenuation. It follows that the 
powder preheating temperature is influenced accordingly. Furthermore, results also 
reveal the relationship between the powder absorption rate and relevant processing 
parameters; for instance, a higher power absorption rate has been found using smaller 
powder grains and lower gas flow rate. Thereby the model proposed in this study is 
potentially helpful for the subsequent calculation of heat source and layer geometry. 
In addition, experimental work can be suggested from these findings. On the one hand, 
the model is helpful for the design of experimental matrix; on the other hand, future 
experimental work is desirable to aid in validating and developing the model. 
Ultimately, the complicated repair process can be optimised based on this theory and 
hence a better control can be achieved. 
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Chapter 4 Analytical analysis of laser repair process 
In this chapter, an analytical model is set up to simulate the thermal behavior, the 
layers built-up and the microstructure evolution during the laser repair process. For 
the purpose of simplifying the thermal analysis, only heat diffusion will be considered; 
the influence of radiation and convection during the interaction between laser and 
workpiece is not taken into account as in most cases the process can be completed in a 
very short time. Moreover, several other factors which can reduce the laser energy are 
not accounted for in the present model, such as latent heat, partial reflection on the 
deposited metal, absorption by evaporating metal from the pool, and the temperature 
dependent material properties. Moreover, some other complicated phenomena 
occurring within the melt pool, for instance, melting, evaporation and fluid flow are 
not considered in the following study. In addition, the influence of powder injection 
will be neglected due to its complexity for the analytical model and relatively weak 
influence compared with the other parameters and phenomena. 
4.1 An analytical model of heat transfer 
Based on a modification of Rosenthal’s equations [87], Ashby and Easterling have 
developed an analytical model for the distribution of thermal field produced by a 
finite heat source [88]. They proposed the replacement of the point source [89], which 
shows a poor prediction of the melt pool shape for a thick plate, by a circular disc 
source with radius 𝑟𝑏, travelling with the scanning velocity  𝑏 in the x direction 
across the surface of a sufficiently thick plate. It follows that, at a point (y, z) beneath 
the surface, the thermal cycle T (y, z, t) is given by 
 
               −  0 =
 
 
2𝜋 [𝑡(𝑡 + 𝑡0)]
 
2
× 𝑒𝑥𝑝 {−
1
4 
(
( +  0)
2
𝑡
+
𝑦2
(𝑡 + 𝑡0)
)}                                 (11) 
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where T is the temperature, T0  the preheat temperature,   the thermal conductivity, 
a the thermal diffusivity, q the laser power and t represents the time. The y and z 
co-ordinates are the horizontal and vertical distances respectively measured from the 
center-line of the laser beam track. The term t0 refers to the heat transfer time over the 
source half-width rb, and is defined by 
                                                                        𝑡0 =
  
 
 𝑎
                            (12) 
 
where z0 corresponds to a characteristic length, which is employed for the limitation 
of the surface temperature to a finite value from 
 
                             0
2 = [
  
 
(
 𝑎  
 
)
  2
]                      (13) 
4.2 Results and discussion 
4.2.1 Thermal behavior 
Firstly, calculation starts from the power-powder interaction model proposed in 
chapter 3. The initial processing parameters and constant material properties for 
CMSX-4 are listed in Table 4. By means of the parameters provided below, the power 
efficiency can be readily determined. As a consequence, around 96% of the power 
energy is predicted to transmit to the substrate and thereby the peak temperature of 
powder particles is around 600K when arriving at the surface of the workpiece. 
Therefore, laser energy of 768W will be regarded as an input value for the calculation 
of thermal distribution within the workpiece and hence the molten pool size. The 
influence of powder injection will be neglected due to its complexity for the analytical 
model and relatively weak influence compared with the other parameters and 
phenomena. The transmitted laser beam with a Gaussian distribution interacts with the 
workpiece leading to a temperature variation within the workpiece. Figure 20 (a), (b) 
and (c) gives a view of temperature contour in different sections. Figure 21 illustrates 
the calculated temperature distribution experienced by the points along Y axis (in 
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Figure 19(a)), and Z axis (in Figure 19(c)) as a function of time. Apparently it can be 
seen that the temperature increases sharply and reaches a peak value at the very 
beginning of the process, i.e. the heating stage, followed by a gradual decline, which 
is the cooling stage. Therefore the heating behavior is various at different positions 
within the workpiece. A shorter heating stage can be seen on the position closer to the 
spot center; for example, it takes around 0.2 seconds to reach the peak temperature on 
the fusion boundary. However, for the points farther away the laser center, it can take 
0.4 s ~ 0.5 s to come to the peak value of temperature. This is due to the fact that the 
heat flows from the beam center to the edge of the workpiece and the time is related 
to thermal conductivity coefficient. Additionally, the cooling stages are also found to 
be distinct at different positions. On the solid-liquid interface, the cooling rate can be 
as high as 4000 °C/s, and then decreases gradually with the laser proceeding after 
reaching the peak temperature. For the positions away from the coordinate center, it 
may need more time for the workpiece to cool down to the room temperature.  
 
 
Processing parameters  
Power (W) 800 
Spot size (mm) 0.76 
Scanning speed (mm/s) 10 
Feed rate (g/s) 0.5 
Gas flow rate (L/s) 0.3 
Substrate and Powder character  CMSX-4 
Powder size (µm) 25 
Nozzle diameter (mm) 2.5 
Working distance (mm) 7 
Nozzle angle (°) 45 
Initial temperature ( ) 20 
Nozzle diameter (mm) 2.5 
Thermal diffusivity (m2/s) 3 7 × 10   
Thermal conductivity (W/m/K) 22 
Table 4- Processing parameters and material properties [25] used in the analytical 
model.  
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Figure 20 – Temperature contour ( ) (a) on X-Y plane, (b) on X-Z plane, (c) on Z-Y 
plane at peak time 
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Figure 21 – (a) thermal cycle experienced by the points along z coordinate (y=0), (b) 
thermal cycle experienced by the points along y coordinate (z=0); the lines with 
different color show position along z or y for each trace. 
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4.2.2 Molten pool  
As the molten pool is of paramount importance for the determination of the 
solidification behavior as well as the generation of the subsequent microstructure, the 
shape and influential factor of molten pool need to be studied in more detail. 
Following the temperature contours in different sections as shown Figure 19, it can be 
predicted that the melt pool shape can vary with time within the workpiece and reach 
the maximum value at the peak temperature; this is considered to be consistent with 
the characteristics of temperature evolution during the process. Therefore, in order to 
determine the peak temperature and hence the maximum melt pool shape, it is 
necessary to differentiate equation (11) to give 
 
             2 𝑡𝑝(2𝑡𝑝 + 𝑡0)(𝑡𝑝 + 𝑡0) = 𝑡𝑝
2𝑦2 + ( +  0)
2(𝑡𝑝 + 𝑡0)
2
       (14) 
 
where tp is the peak time. By means of Equation (14), the shape of molten pool can be 
calculated by the liquidus isotherm of CMSX-4. Given the processing conditions, 
Table 4 illustrates the calculated 3D shape of the melt pool as well as 2D pool 
geometry in different sections at the peak temperature; it is predicted that the pool is 
stationary as the laser proceeds with the depth of 1.21 mm, width of 2.9 mm and 
length of 4.1 mm. However, this estimation needs to be calibrated in the experimental 
study, since in the real case there are a number of factors which can make the pool 
deviate from the modelling prediction. For instance, as mentioned in chapter 2, fluid 
flow can cause a flatter molten pool under the condition that the surface tension 
declines with temperature, or can lead to a deeper melt pool in the contrary situations; 
moreover, it has been proven that powder injection has the capability to tilt the molten 
pool, producing an influence on the deposition height and the shape of the molten 
pool. On the other hand, these factors are always studied numerically and considered 
to be secondary compared with the operating variables, such as laser power, scanning 
speed and spot diameter. Thus these parameters are focused on in the section which 
follows.  
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Figure 22 – Prediction of melt pool shape: 3D on the top right, 2D for the sectional 
view on X-Z, Y-Z and X-Y planes respectively with the processing conditions listed in 
Table 4. 
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4.2.3 Influence of processing parameters 
As discussed above, the way of the processing parameters needs to be understood in 
more detail; thus a sensitivity analysis has been implemented with regard to the effect 
of these parameters on the melt pool shape. With the laser beam proceeding, the 
workpiece is subject to a thermal cycle, leading to the variation of the fusion zone 
dimensions which depend on the operating parameters: the spot size, laser power and 
beam speed. In the calculations which follow, the values of the width and penetration 
are plotted as a function of the above parameters respectively. As shown in Figure 23 
(a), the penetration depth goes up steadily with the increase of laser power from 0 to 2 
kw; Figure 23 (b) sees a similar influence of laser power on the width of weld bead; 
this is because higher laser power can generate more heat input leading to higher 
temperature and ultimately the expansion of the fusion zone. It is also worth noting 
that the penetration depth is more sensitive at lower power energy and the rate can 
decrease gradually with the power increasing; this is because the heat transfer is more 
sensitive to the power variation at lower power, in other words, a shorter distance is 
needed for the heat to flow to the fusion area. In Figure 23 (c) and Figure 23 (d), the 
evolution of laser scanning speed with respect to the fusion profile has been 
investigated; one can see that there is an obvious shrinkage of the fusion zone with an 
increase of velocity, and specifically, at low scanning speed, it can cause a 
considerable increase of the fusion zone dimension; this is due to the elevation of heat 
input and sufficient time for the heat flow. Figures 23 (e) and 23 (f) reveal that as 
laser beam diameter increases resulting in lower power concentration, the melt pool 
width and penetration depth decrease. Interestingly, if the laser beam diameter is large 
enough, above 4mm, it has nearly the same size as the width of melt pool. Therefore, 
the pool is found indeed to have a close relationship with the parameters and is 
especially more sensitive at lower power energy and scanning velocity. This is 
potentially helpful for the process control when coupled with the microstructure 
model.  
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Figure 23 - Influence of processing parameters, i.e. laser power, velocity, and beam 
diameter, on melt pool shape. 
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4.3 Model of layer geometry 
A better understanding of the geometry of the layers is crucial for the process control, 
as sufficient remelting is desirable for the successful laser repair process; in addition, 
the prediction of shape of deposit is helpful to allow planning of the deposition path.    
In this study, spherical cap geometry of deposited material is considered as shown in 
Figure 24. The volume of material deposited per unit length corresponds to the area 
A1. Its magnitude, which determines the number of layers required to fill particular 
notch geometry, is then given by 
 
                                                                   =
𝜋 2
4
×
𝐹
 𝑏
                                                     (15) 
 
where D is the nozzle diameter, F is powder feed speed (mm/s), and vb is laser 
scanning velocity.  
Since the width of melt pool, i.e. width of the layer, can be determined by the heat 
source model, and A1 can be calculated by means of Equation (15), one can readily 
estimate the layer height so that the number of the total passes can be predicted. The 
geometry of notch considered in this study is a semicircle with depth of 5 mm and 
curve radius of 10mm, see in Figure 25; the layer height is 0.84 mm based on the 
previous calculation, which means that the notch can be filled in after six passes. As 
1.21 mm depth of melt pool is predicted in the previous calculation, a remelting depth 
of 0.37 mm can be expected for the previous layer; therefore it is a necessary 
condition that this value needs to be bigger than the height of equiaxed region 
estimated from the microstructure modelling to ensure a sufficient remelting of the 
previous deposit. And apparently, given the processing conditions, the number of 
passes can be calculated automatically with the variation of parameters. Figure 26 
illustrates the thermal cycles experienced by the point on the fusion boundary of first 
layer; the temperature is predicted to decrease dramatically during subsequent 
deposition. 
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Figure 24 – The spherical cap geometry assumed in this work and the definitions of 
associated terms.   
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Figure 25 – Geometrical illustration of the filled notch; different colors correspond to 
distinct layers.  
 
Figure 26 – Thermal cycles experienced by one point on the first layer. 
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4.4 Microstructure model 
4.4.1 The CET model 
The formation of equiaxed grains is mainly controlled by the extent of constitutional 
undercooling in front of the columnar dendrite front. The nucleation and growth of 
equiaxed grains is avoided as long as the extent of constitutional undercooling is 
minimal, leading to an epitaxial structure throughout the deposit. The extent has been 
analytically calculated by Hunt [90] and further developed by Gaumann et al; a 
parameter ϕ representing the volume fraction of equiaxed grains has been introduced 
using the following equation. 
 
                      
 𝑛
 
=  {√ −4𝜋 0
3 𝑛[1− ]
3 1
𝑛+1
}
𝑛
                   (16) 
 
                 = 1 −    {
     
3
(
 
(𝑛  )(  𝑎 ⁄ )   
)
3
}          (17) 
 
Where G is the thermal gradient, V is the local solidification velocity. And as 
determined by Gaumann for CMSX-4, the material constants   = 1 25 × 10   3   
𝑚 and   = 3 4, and the nuclei density  0 = 2 × 10
  𝑚3. 
 
And Hunt proposed that no equiaxed growth occurs when constitutional supercooling 
is minimal, i.e.,  0 0066, producing a fully columnar structure. And a fully 
equiaxed structure is generated if the volume fraction of equiaxed grains    0 4 . 
Thereby the critical value of producing fully columnar structure can be obtained by 
setting the former value and then the critical condition of CET can be readily 
calculated based on the G
n
/V ratio. Ideally the formation of equiaxed grains should be 
totally avoided during the deposition process as long as the CET criterion is fully 
achieved throughout the deposit. However, in the practical work, in order to produce 
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considerable height of the deposit, there is always an equiaxed region left on the 
surface of each pass; this is because at the top the solidification is too fast to meet the 
requirement of fully columnar growth. Therefore, another necessary condition for a 
successful single crystal repair is to make sure that the previous pass and substrate 
have been remelted sufficiently.  
 
In terms of the classic laser deposition process, the values of thermal gradient and 
solidification velocity at the solid–liquid interface of the melt pool have been 
predicted through some detailed investigation and compared with the CET curve. One 
can see from Figure 27 that the processing parameters for laser cladding (see in the 
rectangular box) can be readily changed in order to make sure that the deposits grow 
epitaxially onto the substrate:  
 
 
Figure 27 - Plot of solidification rate (V) as a function of thermal gradient (G) at the 
solidification interface for CMSX-4; the curve indicates the condition of a CET [91]. 
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Therefore models are established to investigate the relationship between processing 
parameters with the solidification behavior (G and V) so that suitable conditions can 
be given to optimize the complicated process for the generation of epitaxial growth 
onto the substrate during the experimental work. Figure 28 illustrates the 
melting-solidification mechanisms encountered during the LMF process in this 
investigation. The molten pool geometry is presumed to be constant and that 
solidification occurs initially along the [001] orientation and then goes towards a 
direction given by the normal to the fusion boundary. One can see the decrease of the 
thermal gradient within the liquid and the rise of the local solidification rate leading to 
a CET on the surface of the melt pool. In our calculation the thermal gradient is 
produced by the thermal field induced by the laser beam within the workpiece using 
the thermal model in section 4.1.  
 
 
Figure 28 – Schematic illustration of the melting-solidification mechanisms 
encountered during the laser metal forming process 
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4.4.2 Solidification condition 
Figure 29 (a), (b) and (c) illustrate the calculated thermal gradients at the front part of 
the molten pool with different laser velocities respectively; the arrow indicates the 
direction of thermal gradient as well as solidification growth. And it can be found that 
the thermal gradient may decrease along any temperature contour line from the front 
part to the rear part of the molten pool. In addition, at low scanning speeds the molten 
pool can become larger giving rise to low temperature gradients. On the other hand, 
the solidification rate is dominated by both scanning speed and the molten pool shape; 
for each specific position, the solidification velocity can be determined according to 
(also see in Figure 28):  
 
                                                           𝑠 =   × cos 𝜃                            (18) 
 
where Vs is solidification rate, v is laser scanning velocity and 𝜃 is the angle of the 
isothermal normal against the direction of beam velocity. Figure 30 (a), (b) and (c) 
give the estimated shape of fusion line on the symmetry plan (y=0) using various 
scanning speed with 800 W laser power and 0.76 diameter of spot size respectively 
and Figure 31 (a), (b) and (c) illustrates the variation of calculated solidification 
velocity along the fusion line at the rear part of the pool accordingly. One can see that 
Vs goes up significantly from zero at the bottom of the melt pool to a value close to 
scanning speed at the rear part of the pool; and it is also worth noting that at higher 
scanning speeds the pool becomes flatter, therefore Vs increases slowly at the 
beginning of solidification and is then followed by a sharp rise. Thus the temperature 
gradient and solidification rate can be calculated along the fusion line in the symmetry 
plane (y=0), which can be used to compare with the CET curve and Gaumman’s 
model as well in order to predict the equiaxed region and conditions of subsequent 
remelting. 
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(a) 
(b) 
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Figure 29 – Distribution of thermal gradients on the symmetry plane (y=0) with 
various scanning velocity, (a) 5 mm/s, (b) 10mm/s, (c) 15 mm/s. The colored lines 
correspond to temperature contour and the arrows indicate the gradient direction.  
 
(a) 
(c) 
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Figure 30 – Calculated melt pool shape along the fusion line on the symmetry plane 
(y=0) with 800 W of laser power, 0.76 diameter of spot size and various scanning 
velocities, (a) 5 mm/s, (b) 10 mm/s, (c) 15 mm/s. 
(b) 
(c) 
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(a) 
(b) 
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Figure 31 – Variation of solidification velocity along the fusion line on the symmetry 
plane (y=0) with 800 W of laser power and various scanning velocity, (a) 5 mm/s, (b) 
10 mm/s, (c) 15 mm/s.  
4.4.3 Modelling procedure 
Following the previous models and calculation, a crucial value has been estimated for 
a successful E-LMF repair process, thus the solidification rate is plotted as a function 
of G
3.4
 along the fusion line at the rear part of the melt pool as shown in Figure 32. It 
can be seen that the solidification rate (V) is the largest at the surface of the melt pool 
whereas thermal gradient (G) is the smallest and thereby most of times it is difficult to 
produce epitaxial growth in this region. On the other hand, at the bottom of the pool 
there is an opposite situation where V is the smallest and G is the largest so that 
epitaxial growth occurs more readily; however the deposit cannot grow epitaxially 
onto the substrate if G is not large enough to avoid CET within this region. And in 
most cases there is a fraction of the pool boundary where columnar microstructure can 
be produced; therefore the equiaxed region needs to be calculated and remelted 
through subsequent deposition. Thus the critical position where CET occurs can be 
(c) (c) 
72 
 
determined using Gaumann’s crucial value. By defining the processing parameters as 
listed in Table 4, the height of equiaxed region within the melt pool can be readily 
calculated, i.e. 0.29 mm in this case. And as predicted using the geometrical model in 
section 4.3, the depth of subsequent remelting is around 0.37 mm under the same 
processing conditions, which means a sufficient remelting has been achieved here and 
hence solidification can occur epitaxially onto the substrate. 
 
 
Figure 32 - Variation of the solidification rate as a function of G
3.4
 along fusion line 
(lower blue curve) with processing conditions listed in Table 4. The upper blue line 
corresponds to the CET critical condition where   3   ⁄ = 2 7 × 102  ( 3  𝑚     ); 
below the CET line there is a columnar region whereas an equiaxed region can be 
found above this line. The red dotted line shows that the thermal gradient varies with 
the molten pool depth along the fusion line (see in right Y axis). The green dashed line 
indicates the critical position where CET occurs. 
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4.4.4 Results and discussion 
This critical value can also be applied for different laser processing conditions for the 
purpose of predicting the probability of forming equiaxed grains. Figure 33 (a) and (b) 
show the influence of laser power on the calculated height of equiaxed region. 
Combined with Figure 32, it can be found that a decrease in laser power can reduce 
the possibility of generation of equiaxed grains; in particular given certain laser speed 
(relative higher speed) and spot size, the equiaxed region is rather limited when the 
power is as low as 600 W. This is because the molten pool is relatively small and 
thermal gradients are quite sharp with low power and therefore epitaxial growth can 
occur readily. Therefore it becomes obvious that the CET might be avoided during the 
whole process if the power is lower than around 600 W. However at high power the 
melt pool is so large and hot resulting in a low temperature gradient that epitaxial 
growth is avoided and a fully equiaxed microstructure can be found if the power is 
high enough. A percentage of 30% of equiaxed grains is found to be in the generated 
microstructure when laser power comes to 1000 W (see in Figure 33 (b)). In terms of 
the influence of beam velocity, it becomes complicated; since with beam velocity 
increasing, the melt pool becomes smaller resulting in a higher thermal gradient and 
increase in the solidification rate as well. And it has been found from the calculation 
that given certain laser power (800 W) at a scanning speed of 3 mm/s, it is the most 
possible to produce equiaxed grains. This is because the beam velocity produces a 
main effect on the solidification rate rather than thermal gradient at a low value, i.e. 
lower than 3 mm/s, leading to a decrease of G/V ratio (see in Figure 34 (a) and (b)). 
However, the beam velocity mainly dominates the thermal gradient at higher value; in 
other words, the increase in beam velocity can result in a substantial rise in G but a 
relatively small variation in V.  (see in Figure 34 (b), (c) and (d)); therefore the 
equiaxed region can be gradually reduced with increasing beam velocity. 
Consequentially, the G/V ratio is increased and hence the region of equiaxed grains is 
reduced. 
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Figure 33 – Influence of laser power on the height of equiaxed region with 10 mm/s 
laser velocity: (a) 600 W and (b) 1000 W. 
(a) 
(b) 
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(a) 
(b) 
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Figure 34 – Effect of beam velocity on the height of equiaxed region with 800 W laser 
power: (a) 1 mm/s, (b) 3 mm/s, (c) 5 mm/s and (d) 7 mm/s. 
(c) 
(d) 
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4.5 Summary 
Coupled with the power powder interaction model developed in chapter 3, the heat 
transfer within the molten pool during LMF (laser metal forming process) has been 
studied using a modified Rosenthal model with an emphasis on the impact of 
processing parameters on the melt pool shape, such as laser energy, scanning speed 
and spot diameter. As a result, for given processing conditions, a number of 
parameters during the deposition process can be predicted such as the temperature 
distribution within the workpiece and the melt pool shape. Results also indicate that 
the pool indeed has a close relationship with the processing parameters and especially 
it is more sensitive at lower power energy and scanning velocity. Moreover, combined 
with the thermal model, a layer geometrical model has been employed to predict the 
layer width, deposition height as well as the number of passes required for the laser 
process. In addition, the remelting depth has been estimated which is crucial for the 
determination if a successful repair can be achieved. Furthermore, the previous two 
models have been coupled with the improved CET model so that processing 
parameters are connected with solidification conditions (thermal gradients and 
solidification velocity) and hence the generated microstructure. Results show that the 
model can predict the tendency for the generation of equiaxed grains using various 
processing parameters. Specifically the formation of equiaxed grain can be generally 
reduced during a laser repair process by using a lower power and high travel speed. 
Due to the complicated influence of laser speed on solidification, the worst condition 
for epitaxial growth occurs at a travel velocity of 3 mm/s. Therefore careful process 
control is a necessity for a successful single crystal repair; and a careful choice of 
lower power value and suitable beam velocity are the crucial conditions. Finally some 
processing conditions are given for the optimisation of a LMF process in order to 
generate an epitaxial deposit onto the substrate during the experimental work. 
Nevertheless, the model needs to be further developed and experimental work is 
required to validate and optimise the model.  
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Chapter 5 Conclusions and Future work 
5.1 Conclusions 
In this project, an in-house Matlab code for the analytical modeling of the LMF 
process has been developed. An analytical model has been proposed for better 
understanding of the mechanism of the interaction between laser beam and powder 
stream. By means of the model, the laser attenuation by a powder stream was 
estimated and the laser intensity distribution on the surface of the substrate both prior 
to and after the powder delivery was presented. The obtained results show that the 
laser efficiency is related to the powder feed rate, the feeding angle as well as gas 
flow rate; for example, more attenuation of power can be expected with the increase 
of powder feed rate and feeding angle and decrease of gas flow rate. Thus the powder 
preheating temperature will be subsequently influenced. In the meantime, the thermal 
field of the powder particles when reaching the surface of the substrate was obtained 
based on the heat equilibrium principle. As the maximum temperature of powder 
particles is predicted, the calculations can also show a feasibility to estimate whether 
the powder particles during flight are melted or not under specific conditions. It is 
considered to be an essential condition to decrease the nucleation possibility of 
equiaxed grains if powder particles are still kept solid state when arriving at the 
surface of the substrate. The model proposed in this study is potentially useful for 
optimisation of the complicated repair process and hence a better control of the 
subsequent laser induced molten pool. Then coupled with the power powder 
interaction model developed, the heat transfer within the melt pool during the LMF 
process using Ar shielding gas has been studied by means of a modified Rosenthal’s 
model with an emphasis on the impact of processing parameters on the melt pool 
shape, such as laser energy, travelling speed and spot diameter. As a result, for given 
processing conditions, a number of parameters during the deposition process can be 
predicted such as the temperature distribution within the workpiece and the melt pool 
shape. Results also indicate that the pool indeed has a close relationship with the 
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processing parameters and especially it is more sensitive at lower power energy and 
scanning velocity. Moreover, combined with the thermal model, a layer geometrical 
model has been employed to predict the layer width, deposition height as well as the 
number of passes required for the laser process. In addition, the remelting depth has 
been estimated which is crucial for the determination if a successful repair can be 
achieved. Furthermore, the previous two models have been coupled with the CET 
model so that processing parameters are connected with solidification conditions 
(thermal gradients and solidification velocity) and hence the generated microstructure. 
Results show that it is feasible for the model to predict the tendency for the generation 
of equiaxed grains as well as the fraction of columnar microstructure using various 
processing parameters. The extent of formation of equiaxed grains is significantly 
higher with high laser power and low laser scanning speed. Moreover results indicate 
that at each diameter and power of the laser beam the model is able to predict the 
limiting value of the beam travelling velocity so as to ensure epitaxial growth. It is 
also found that accurate process control is a necessity for a successful single crystal 
repair; and a careful choice of lower power value and suitable beam velocity are the 
crucial conditions. Finally some processing conditions are given for further 
optimisation of the repair process in order to produce an epitaxial deposit onto the 
substrate during the experimental work.  
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5.2 Future research 
In future research, experimental work can be designed to calibrate the model proposed 
in this study and potentially optimise parameters; This will be in terms of mass 
absorption, power attenuation, layer deposited thickness, temperature distribution 
within the substrate and deposited material (if measurable), microstructure produced 
and chemical composition map caused by the whole process. A high speed camera is 
needed to view melt pools in the LMF process, and their evolution with incremental 
layers as well as the geometry of the deposited layers. Thermocouples are required to 
quantify the temperature distribution. SEM is needed to look at the microstructure and 
chemical compositions generated in the process. Ultimately the analytical model 
should be optimised and developed to accurately produce the new processing window 
for epitaxial repair for turbine blades. 
  
Concerning the modelling work, the analytical model still needs to be improved and 
developed; for example, fluid flow can be introduced into the model in terms of 
modeling the melt pool shape and local solidification conditions. Another possible 
future job is that numerical simulation of laser repair can be developed in order to 
provide more accurate results. This can be achieved by using relevant FEM software. 
The complicated relationship between laser beam and powder stream can also be 
involved in the numerical model starting from the analytical model established in this 
study. In terms of microstructure modelling, the cellular automaton-finite element 
(CAFE) approach could be employed to predict the complicated mechanisms of 
nucleation and growth of dendritic grains so as to give a better understanding of the 
formation of equiaxed grains during the solidification process and for comparison 
with the analytical CET model. 
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